Sources for drinking water (DW) production contain increasing concentrations of organic micropollutants, such as pesticides and pharmaceuticals. Traditional purification processes are not suitable for their removal or conversion, but even sophisticated technologies, like advanced oxidation processes and membrane filtration, are not able to efficiently remove all compounds from DW. For recalcitrant compounds, affinity adsorption, based on a specific interaction of the adsorbent surface with functional groups in the compounds' molecular structure, may be an effective alternative or addition. It can either be applied as a polishing step in DW purification or for removal of compounds directly at the source.
INTRODUCTION
Research has shown that in surface waters, and consequently also in sources for drinking water (DW), an evergrowing number of organic micropollutants, such as pesticides and pharmaceuticals can be found (Ter Laak et al. often cannot be removed satisfactorily (Bijlsma et al. ) .
Recent research, for example, showed that the concentrations of pharmaceuticals in the surface waters of the Dutch province of Limburg vary from 7 to 27 μg/L (Hofman et al. ) . As it is easier to administer water soluble compounds, which also act quicker in an aqueous matrix, many pharmaceuticals are relatively low-molecularweight, charged compounds. These properties make it very difficult to remove them in sewage treatment plants, which were never designed to deal with such compounds. Furthermore, as pharmaceuticals are specifically designed to cause an effect in living organisms at low concentrations, their presence in DW is unwanted, as it may adversely affect aquatic life.
In many cases DW production plants were not designed to deal with organic micropollutants. Filtration over activated carbon may be effective, but it is often observed that the more hydrophilic compounds break through rather quickly (see, e.g., Eschauzier et al. ) , resulting in a more frequent and costly regeneration of the carbon. An increasing number of DW companies are implementing additional treatment processes to remove organic micropollutants. Membrane filtration and advanced oxidation have been shown to be very effective for a large range of organic micropollutants, including pharmaceuticals. However, some, relatively small, hydrophilic, molecules are very difficult to remove by means of these techniques, or their removal would require a disproportionate amount of energy (Botton et al. ; Wols & Hofman-Caris ) . In such cases an additional polishing step, which can selectively remove those recalcitrant compounds, would be beneficial. Here affinity adsorption (AA) might be an option. The principle is based on highly selective interactions between the adsorbent surface and structural elements of the analytes. Especially for (classes of) pharmaceuticals, which were designed with special functional groups, this may be very efficient.
In particular, in the case of pharmaceuticals it would be better if they could be prevented from entering surface waters, as ecological effects cannot be excluded (Kostich et al. ) .
Fong & Ford () recently concluded that antidepressants may affect aquatic invertebrates at concentrations currently found in the environment. Thus, removal at the source would be beneficial both for DW production and the environment.
In urine entering the toilet, where such compounds enter the water cycle, the number of pharmaceuticals is limited, whereas the concentrations are relatively high. AA might be a very interesting option here. Especially in larger buildings with urineseparation toilets AA could be implemented, but it also may be applied in common toilets.
In the present study, we investigate whether the principle of AA may be applicable to remove organic micropollutants, either for DW production or for wastewater treatment (at the source). As pharmaceuticals often share similar functional groups, AA might not only be applied for individual compounds, but for classes of pharmaceuticals, making the process more feasible.
MATERIALS AND METHODS
All experiments were performed in ultra-pure water (Milli-Q water), or tap water from the city of Nieuwegein, The Netherlands. Oasis polymers (Table 1) were purchased from Waters, activated carbon (SA Super) was from Norit B. V., silica gel from Sigma-Aldrich and the two modified silica particles from SiliCycle: SiO 2 -TBA (tertiary butyl ammonium) and SiO 2 -phenyl. Na-bentonite Cebogel OCMA was used. All compounds (Table 2) Benzoic acid π-π coulomb H-bridging Phenyl Bentonite Table 4 . Table 2 , an overview of the possible interactions is given, based on molecular structures.
Sorption models
For a system consisting of a sorbent and an aqueous phase, 
In the literature Freundlich isotherms are often used.
However, in the present study, we also use the Langmuir Equation (2) to describe the adsorption of the compounds. By doing so we assume that the sorbent has a limited number of sorption sites all with similar affinity, otherwise a more complex equation would be necessary, such as a Dual Langmuir (Bäuerlein et al. b) . When the concentration increases, the sorbent gets saturated (maximum concentration (C max )). Thus, the maximum adsorption capacity can be determined, which is an important parameter for determining the applicability of an adsorbent. The parameter K L is a constant reflecting the equilibrium of the sorption process.
RESULTS AND DISCUSSION
A proof of principle for AA was obtained using polymer A very important mechanism is adsorption by means of hydrophobic interactions, like between aromatic moieties (π-stacking). Oasis ® HLB, which does not contain any specific (charged) functional groups may be very effective in establishing such interactions, but it is expected that it will not, or less effectively interact with, for example, charged compounds.
The compounds selected for hydrophobic interaction gave Depending on pH the compounds can be negatively charged, and they can also be involved in H-bonding. This probably accounts for the relatively low adsorption of Erythromycin A on this adsorbent. In DW, with a pH of about 8, the charge at the adsorbent surface will probably For some compounds Langmuir constants for adsorption on Oasis ® HLB were determined (Table 4) . Table 4 ).
An alternative adsorbent material is bentonite ( showed that Na-bentonite is not effective in the adsorption of methyl tertiary butyl ether (MTBE), ethyl tertiary butyl ether (ETBE), methylchlorophenoxypropionic acid (MCPP), bentazone, cis-1,2-dichloroethene and metolachlor oxanilic acid. This may be due to the relatively low specific surface area (Table 1) . However, with metformin bentonite appeared to give rather good results, as shown in Figure 2 .
The negatively charged polymer adsorbent performs better than the bentonite, but the bentonite still is better than activated carbon. However, for bentonite to become applicable for a wide range of organic micropollutants, special organic modifications would be required (Zhou et al. ) .
The second alternative adsorbent tested was silica. With bare silica particles in Milli-Q water no adsorption of the analytes could be observed (<5% removal). However, silica modified with organic surface groups can be an interesting alternative for polymer adsorbents.
Langmuir adsorption data for various analytes on different modifications of silica in Milli-Q water and DW are shown in Table 4 . Previously reported data (Bäuerlein et al. a) are used for reasons of comparison.
The presence of aromatic rings explains the relatively high adsorption of carbamazepine on silica/phenyl. Oasis ® materials show a higher adsorption than silica. This, however, maybe explained by a difference in accessibility of the materials, as there are some fundamental differences in material (Table 1) .
Besides, as the density of silica is more than twice the density of the polymer, expressing the adsorption capacity in mmol/kg is disadvantageous for silica. Therefore, it is better to look at the processes. After application the particles probably will agglomerate and can be removed together with the sludge. Upon incineration only silica will be left, which does not present any further hazards. This is, apart from the difference in price and availability, an important advantage in using silica instead of polymer materials, which would make application directly at the source (in the toilet) possible.
CONCLUSIONS
AA may be an interesting technique to deal with recalcitrant organic micropollutants in water treatment, either as a polishing step or for removal at the source. Although polymer adsorbents show good adsorption capacity, their price, availability and density make them currently less suitable for large-scale applications. Silica particles, with organic functional surface groups, however, may be interesting alternatives for this purpose. Although these particles still will have to be optimized in order to be applicable in, e.g., wastewater treatment, a proof of principle was given here.
